Abstract In this paper we investigate the tectonics of the central Swiss Molasse Basin (SMB), situated between the central European Alps and the Jura fold-and-thrust belt. Based on (re)interpreted 2-D reflection seismic data and geological 3-D modeling, we present new insights into the structural configuration and evolution of the central SMB. During the thin-skinned, main deformation phase of the Jura fold-and-thrust belt (~12-4 Ma), the central SMB was riding passively above a major detachment horizon within Triassic evaporites, which roots beneath the External Crystalline Massifs of the Central Alps. In the SMB, low-amplitude detachment folds and detachment-rooted WSW-ENE striking thrust and reverse faults are related to this event. Younger, major NNE-SSW and NNW-SSE trending strike-slip fault zones cross the basin over a length of several kilometers, affecting the Cenozoic and Mesozoic cover units and extending into the pre-Mesozoic crystalline basement. In cases, the fault zones apparently reactivate inherited, Permo-Carboniferous trough (PCT) bounding, Paleozoic normal faults. Seismic data further reveal mild inversion of WSW-ENE striking PCTs. These structures clearly cut the basement-cover contact, thus postdating the main deformation phase of the Jura fold-and-thrust belt. Present-day earthquake focal mechanisms and epicenter distribution show strike-slip faulting and basement-seated seismicity, respectively, thus corroborating our observations from seismic interpretation. Our data suggest a change from late Miocene thin-skinned to Pliocene to present-day incipient thick-skinned tectonics. This major change reflects the establishment of a midcrustal detachment and may be related to changes in slab dynamics of the subducting European lithosphere.
Introduction
The structural evolution of the Swiss Molasse Basin (SMB) is closely connected to the formation of the Jura fold-and-thrust belt and is a controversial topic with a long-lasting history [e.g., Buxtorf, 1916; Laubscher, 1961 Laubscher, , 1978 Stäuble and Pfiffner, 1991; Gorin et al., 1993; Signer and Gorin, 1995; Pfiffner et al., 1997; Burkhard and Sommaruga, 1998; Mosar, 1999; Lacombe and Mouthereau, 2002; Pfiffner, 2006; Sommaruga, 2011; Lacombe and Bellahsen, 2016] . It is widely accepted that the Jura fold-and-thrust belt formed by thin-skinned tectonics in late Miocene times, above an intra-Triassic evaporite detachment, rooting underneath the mildly deformed but passively riding SMB [Laubscher, 1961; Philippe et al., 1996; Burkhard and Sommaruga, 1998; Mosar, 1999; Sommaruga, 1999; Sommaruga et al., 2012] . However, in the last years, several authors observed recent basement involved tectonic activity in the North Alpine Foreland Basin and the Jura fold-and-thrust belt [Guellec et al., 1990; Jouanne et al., 1995; Philippe et al., 1996; Mosar, 1999; Becker, 2000; Lacombe and Mouthereau, 2002; Schmid, 2006, 2007; Madritsch et al., 2008; Lacombe and Bellahsen, 2016] . They see evidence of a post-Miocene change from thin-to thick-skinned tectonics. Thick-skinned tectonics in the foreland of an active orogen is, however, not unique to the North Alpine Foreland but has also been described for the Zagros [e.g., Mouthereau et al., 2002 Mouthereau et al., , 2007 Sherkati et al., 2006] , the Taiwanese [e.g., Mouthereau et al., 2002; Mouthereau and Lacombe, 2006] or the Pyrenean forelands [e.g., Roure and Colletta, 1996; Lacombe and Mouthereau, 2002, and references therein] .
The tectonics of the western SMB have been intensely explored in recent years [e.g., Gorin et al., 1993; Burkhard and Sommaruga, 1998; Ibele, 2011] , and a setting of strike-slip-dominated tectonics has been described. The structural configuration of the subsurface of the study area, situated in the central part of the SMB (Figure 1) , is, however, poorly constrained. Seismic surveys for hydrocarbon exploration have been established from the 1960s to the 1980s [Lahusen and Wyss, 1995] and gave first insights into the SMB. In recent years, the National Cooperative for the Disposal of Radioactive Waste (Nagra) reinterpreted 2-D seismic reflection data at the northern rim of the SMB [Meier, 2010; Roth et al., 2010] Supporting Information:
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With ongoing convergence of the Adriatic and European plate in the Neogene, the Alpine deformation front propagated north into the external part of the Alpine orogeny, i.e., the Molasse Basin and Jura fold-and-thrust belt [Pfiffner, 1986 [Pfiffner, , 2016 Burkhard, 1990; Burkhard and Sommaruga, 1998 ]. At this stage, the SMB evolved from a flexural into a wedge-top basin [Willett and Schlunegger, 2010] . Thrusting of the Subalpine Molasse started in Oligocene times [Schlunegger et al., 1997] and lasted at least until~5 Ma [von Hagke et al., 2012] , when the SMB became subject to accelerated uplift and large-scale erosion [Cederbom et al., 2011; Schlunegger and Mosar, 2011; von Hagke et al., 2012] . The thrusts within the Subalpine Molasse root below the Aar Massif ( Figure 1c ) [Boyer and Elliott, 1982; Burkhard, 1990; Pfiffner et al., 1990 Pfiffner et al., , 1997 Burkhard and Sommaruga, 1998; Pfiffner, 2011] . After an early deformation phase in the late Oligocene [Pfiffner, 2015] , main tectonic shortening in the Jura fold-and-thrust belt started at the earliest at~12 Ma and lasted until~4 Ma [Becker, 2000] . Mild deformation continued into Pliocene and Quaternary times [e.g., Madritsch et al., 2010] . The tectonic mechanism driving this deformation has been variably discussed [Nivière and Winter, 2000; Giamboni et al., 2004; Rabin et al., 2015] , and evidence for thick-skinned tectonics has been proposed [Ustaszewski and Schmid, 2007; Madritsch et al., 2008] .
The widely accepted thin-skinned tectonics model of the formation of the Jura fold-and-thrust belt (i.e., distant push theory) [Laubscher, 1961] predicts a basal detachment, running within the Triassic evaporites and joining the Alpine sole thrust beneath the Aar Massif (Figure 1 ) [Burkhard, 1990; Burkhard and Sommaruga, 1998 ]. Thus both, the Subalpine Molasse and the Jura fold-and-thrust belt, are supposed to be kinematically linked with the uplift and displacement of the External Crystalline Massifs [Boyer and Elliott, 1982; Pfiffner, Tectonics 10.1002 /2017TC004584 1986 , 2016 Burkhard, 1990; Pfiffner et al., 1990 Pfiffner et al., , 1997 Burkhard and Sommaruga, 1998 ], which show accelerated exhumation rates at~10 Ma [Vernon et al., 2009; Glotzbach et al., 2010; Valla et al., 2012; Weisenberger et al., 2012] during a late stage deformation [Burkhard, 1988; Wehrens et al., 2017] . In the case of the Jura fold-and-thrust belt, which records horizontal shortening of up to 25-30 km in the central part, the deformation was translated across the wedge-top SMB along a basal evaporite detachment, leaving the above lying Molasse strata only mildly deformed [Laubscher, 1965 [Laubscher, , 1992 Mugnier and Vialon, 1986; Burkhard, 1990; Guellec et al., 1990; Burkhard and Sommaruga, 1998; Sommaruga, 1999; Affolter and Gratier, 2004] . The existence of a basal décollement zone in the Triassic evaporites in the wedge-top Molasse Basin has been verified by seismic interpretation, outcrop, and well data [Jordan and Nüesch, 1989; Jordan, 1992; Sommaruga, 1999] .
Structural Configuration
Within the Mesozoic units, there seems to be a general decrease of structural complexity from the western to the eastern SMB, accompanied by a change of deformation style [Sommaruga et al., 2012] . In the western, wedge-top part of the SMB, thrusting and long-wavelength evaporite-cored detachment folds related to thin-skinned detachment tectonics have been described [Sommaruga, 1999 [Sommaruga, , 2011 Sommaruga et al., 2012] , while in the eastern, nondetached part of the basin, normal faults, possibly related to the Jurassic extension and subsidence of the epicontinental European shelf platform [Wetzel et al., 2003] , are preserved [Stäuble and Pfiffner, 1991; Sommaruga et al., 2012] . Additionally, Cenozoic normal faulting, induced by flexural bending of the European crust, has been observed in the eastern SMB [Pfiffner, 1986; Stäuble and Pfiffner, 1991; Ziegler et al., 1996; Sommaruga et al., 2012] . In the latter case, the faults root in the crystalline basement and cut through the whole Mesozoic sequence. Note that little is known, so far, on the deformation style in the transition between the eastern and western SMB, i.e., from the nondetached to the detached part.
Major conjugate strike-slip fault zones with a NNE-SSW and NW-SE striking orientation cut the western SMB and in some cases extend even farther into the Jura fold-and-thrust belt (e.g., Vuache Fault Zone, VallorbePontarlier Fault Zone, La Lance Fault Zone, and Fribourg Fault Zone) [Sommaruga, 1999; Gorin et al., 2003; Ibele, 2011] . These large faults are mainly constrained to the detached sedimentary cover, as shown for the Vuache Fault Zone [Thouvenot et al., 1998; Courboulex et al., 1999] or the Fribourg Fault Zone [Kastrup et al., 2007; Vouillamoz et al., 2017] , although possible soft-links between basement and cover structures have not been excluded [Thouvenot et al., 1998; Vouillamoz et al., 2017] . To the east, strike-slip structures seem to be less common. However, major strike-slip fault zones such as the St. Gallen Fault Zone [Heuberger et al., 2016] and the Freiburg-Bonndorf-Bodensee Fault Zone [Egli et al., 2016] have recently been described. At least for the latter, basement involvement has been documented [Egli et al., 2016] . Present-day seismic activity shows that the regime of strike-slip tectonics is still active today [Kastrup et al., 2004 [Kastrup et al., , 2007 Heuberger et al., 2016] . Whether and how the structures in the sedimentary cover and the basement are linked is still a matter of debate [Kastrup et al., 2007; Ibele, 2011; Egli et al., 2016; Vouillamoz et al., 2017] .
Lithostratigraphic Units
The Molasse and Flysch deposits, as youngest sediments, consist of alternating sequences of sandstones, conglomerates, and marls ( Figure 2 ). They are built up of five major lithostratigraphic groups, which form two megasequences, describing the transition of an underfilled, deep-marine basin to an overfilled, shallow-marine to fluviolacustrine basin [Homewood et al., 1986; Sinclair et al., 1991; Sinclair and Allen, 1992; Berger et al., 2005; Schlunegger et al., 2007] . The first megasequence of foreland sedimentation, which started with the deposition of Late Cretaceous to Eocene (~65-34 Ma) turbiditic deep-marine Flysch, followed by the Rupelian (34-30 Ma) Lower Marine Molasse (UMM), and the Chattian to Aquitanian (~30-20 Ma) Lower Freshwater Molasse (USM), describes the basin evolution from the early underfilled Flysch stage to the overfilled USM stage [Sinclair and Allen, 1992] . The onset of the second megasequence is marked by the transgression of the Burdigalian (20-17 Ma) Upper Marine Molasse (OMM) onto the truncated USM during the filled stage of the basin [Sinclair and Allen, 1992] . Molasse deposition ends with the sedimentation of Langhian to Serravallian (<17 Ma) fluviolacustrine Upper Freshwater Molasse (OSM) in the overfilled Molasse Basin [Sinclair and Allen, 1992] . Note that by convention, we use the German abbreviations for the lithostratigraphic groups of the Molasse deposits [Matter et al., 1980] . Figure 3 .
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In the western SMB, the Molasse deposits rest unconformably on top of an up to 2 km thick sequence of Lower Triassic to Upper Cretaceous shallow marine sediments (Figure 2 ), while in the eastern SMB, Cretaceous sediments are missing (Figure 2 ) [Sommaruga et al., 2012] . Lower to Upper Triassic sediments have been deposited onto the post-Variscan peneplain and are made up of sandstones, dolomites, and evaporites (i.e., salt and anhydrite/gypsum; Figure 2 ). Note that from a mechanical point of view, the Lower Triassic sandstones belong to the basement [Sommaruga, 2011] . A detailed description on the Triassic lithostratigraphy is given in Sommaruga et al. [2017] . Lower Jurassic to Cretaceous deposits mainly consist of alternating marls and massive limestones (Figure 2 ), deposited in a shallow marine, epicontinental paleoenvironment. The Mesozoic deposits record the subsidence history of the European shelf during progressive opening of the Tethys Ocean [Funk et al., 1987; Wildi et al., 1989; Loup, 1992] . In the Jura and the Swiss Plateau, Mesozoic subsidence initiated at high rates in Early to Middle Triassic times and decreased to the end of the Early Jurassic [Loup, 1992; Wetzel et al., 2003] . Several subsidence pulses, occurring in Middle Jurassic to Late Jurassic times, seem to be linked to tectonic reactivation of Paleozoic basement structures [Wildi et al., 1989; Loup, 1992; Wetzel et al., 2003 ].
The underlying Precambrian to Paleozoic crystalline basement of the Alpine foreland is in parts dissected by roughly SW-NE striking Permo-Carboniferous troughs (PCTs) [McCann et al., 2006; Naef and Madritsch, 2014 , and references therein], as verified by deep wells and reflection seismic data [e.g., Laubscher, 1987; Diebold et al., 1991; Gorin et al., 1993; Meier, 2010; Sommaruga et al., 2012; Heuberger et al., 2016] . They developed in consequence of the Late Carboniferous to Permian collapse of the Variscan orogen, as narrow basins in a wrench-tectonic setting during an extensional to transtensional stress regime, disrupted by a phase of Early Permian transpression [Diebold et al., 1991; Marchant et al., 2005; McCann et al., 2006, and references therein] . The troughs are filled with Late Carboniferous to Permian prerift, synrift, and postrift clastic deposits, characterized by fluviolacustrine and alluvial fan sedimentation [Matter, 1987; Diebold, 1988] .
Data and Methods for Seismic Interpretation and Geological 3-D Modeling
Database
To build a 3-D geological model, a wide range of input data has been compiled and managed in a GIS database. It includes surface data (e.g., geological, tectonic and topographic maps, orthophotos, and digital elevation models), subsurface data (e.g., geological profiles, wells, and 2-D reflection seismic data), and a broad database of published and unpublished literature. Between the 1960s and the 1980s, a number of seismic studies had been carried out by the oil and gas industry [Lahusen and Wyss, 1995; Meier, 2010] . We have been provided with 161 lines of 2-D reflection seismic data. Duplicates and corrupt data (e.g., false geometries, wrong coordinates, and corrupt SEG-Y 0 s) have been discarded, which led to 77 lines, or 1137 km, of 2-D reflection seismic data available for interpretation (Figures 3 and S2 and Table S1 in the supporting information). Most of the data had been processed as simple stackings, meaning that we largely worked with nonmigrated data. All seismic lines have been adjusted manually to a seismic reference datum of 500 m above sea level (asl). A total of five deep wells (Figures 3 and S2 in the supporting information) was available to calibrate the 2-D reflection seismic data and its interpretation. They reach depths between~700 m and 6000 m below sea level. From all wells, only Pfaffnau-1 penetrates 30 m into pre-Mesozoic rocks, namely, Permo-Carboniferous sediments (11 m) and crystalline basement (19 m). Line names are given in Figure S2 in the supporting information.
Approach
We interpreted 11 Mesozoic and Cenozoic seismic horizons ( Figure 2 ) and the fault network area wide, benefiting partly from existing interpretations carried out by Nagra [Meier, 2010; Roth et al., 2010] . PCTs have been interpreted where possible but have not been modeled area-wide in 3-D owing to a too scarce database ( Figure 4 ). The Mesozoic and Cenozoic horizons have been calibrated to deep wells and mapped by software-aided picking along characteristic seismic reflectors. Due to overall bad seismic resolution, originating from frequent facies changes, complex depositional architecture, and optimization of the original reflection seismic data for the Mesozoic target lithologies, only an incomplete seismic interpretation of the Cenozoic horizons could be established. Time-depth conversion of the interpreted horizons has been performed by using average velocities (i.e., velocities for the interval between the seismic reference datum and the target horizon) for the Cenozoic horizons and interval velocities, which apply for each target unit, for the Mesozoic horizons. We used a velocity model provided by the Swiss Geological Survey of the Federal Office of Topography (swisstopo), which is based on time-depth data from deep wells across the entire SMB and was generated by swisstopo in the course of the GeoMol CH project. Detailed information on time-depth conversion is given in Text S1 and Figure S3 in the supporting information. The 2-D horizons have been converted into 3-D grids with a cell-size of 100 × 100 m, respecting faults as gridding barriers. Constrain points from map and well data (i.e., formation tops of shallow wells and lithological boundaries) have been introduced for further refinement of the final 3-D irregular meshes. Faults have been built in 3-D using fault polygons (i.e., lateral fault extension per Horizon) and fault sticks (i.e., vertical fault extension). The orientation of faults has been either obtained by the connection of fault intersections on multiple seismic lines or deduced from the regional geological context and from neighboring faults of similar type (normal, reverse/thrust, and strike slip) and known orientation. Additional geological knowledge (Table 1) has been incorporated during modeling. For geological 3-D modeling of the southern border of the Jura fold-and-thrust belt, we used published (Table 1) and unpublished geological profiles and maps. Regarding software implementation, we used Kingdom 2015 (IHS) for 2-D seismic interpretation and horizon gridding and Move (Midland Valley Exploration Ltd.) for explicit geological 3-D modeling (i.e., the construction of 3-D mesh surfaces).
In order to give estimates on the reliability of the seismic interpretation, we calculated quality-weighted data density maps (Figure 3c and Text S2 in the supporting information). Similar to Sommaruga et al. [2012] , each seismic line was assigned to a quality class A (Text S2 and Table S2a in the supporting information) depending on the overall quality of the seismic image (i.e., strength and lateral continuity of seismic reflectors). Since the quality of the seismic reflectors changes not only from one seismic line to another but also between the individual horizons, we attributed a quality index B (Text S2 and Table S2b in the supporting information) to each picked horizon per trace and line. The total data quality (Figure 3a) is the normalized product of A and B. We then calculated quality-weighted data density maps using the data quality as a weighting factor (Figure 3 ). We used a kernel density function for gridding with a search radius of 5000 m and a grid cell size of 100 × 100 m. More detailed information on the calculation of quality-weighted data density maps is given in Text S2 in the supporting information.
Seismic Horizons and Units
The Mesozoic horizons are characterized by a series of strong reflectors with a good lateral continuity representing the alternating sequences of limestones, marls, and sandstones ( Although the interpretation of PCTs is problematic and prone to large uncertainties [see Diebold et al., 1991] , locally, we were able to delineate areas of high certainty of PCT occurrence (Figure 4 ), where several strong and continuous reflectors, interpreted as prerift sediments, are discordantly overlain by Triassic sediments (Figures 5a, 5b , and 6). The reflectors are often offset by normal faults, the latter created accommodation space for the younger, synrift to postrift trough infill. These sediments are characterized by a transparent to chaotic seismic facies (Figures 5a and 5b) . The overall geographical distribution of Permo-Carboniferous sediments (Figure 4 ) is in good agreement with other studies based on gravity forward modeling [Abdelfettah et al., 2014] and seismic interpretation [Pfiffner et al., 1997; Meier, 2010] , which suggest up to 4 km deep and predominantly WSW-ENE to SSW-NNE striking PCTs. Note that since only well Pfaffnau-1, which lies outside of the model area, just reaches pre-Mesozoic basement (i.e., Permo-Carboniferous and crystalline rocks), the interpretation of PCTs in the study area is noncalibrated and thus of rather conceptual nature. Figure 4 shows the fault network of the study area and the occurrence of Permo-Carboniferous sediments, derived from seismic interpretation. The study area can be roughly divided into five structural domains:
Structures of the Central Swiss Molasse Basin
(1) the subjurassic zone, (2) the Burgdorf-Wynigen Fault Zone (BWFZ), (3) a central, ill-defined transition zone, (4) the Aaretal Fault Zone (AFZ), and (5) the subalpine zone.
Subjurassic Zone
In the subjurassic zone, representing the area of the SMB along the southern edge of the high chain of the Jura fold-and-thrust belt, north and south vergent (i.e., regard suisse) [Pfiffner, 1990] (Figure 4) . The Hermrigen structure south of Biel is marked by arcuate anticlines, which are bound to SW-NE to WSW-ENE oriented reverse faults. The structure possibly lies on top of a SW-NE striking PCT (Figure 4 ) [Pfiffner et al., 1997] .
Burgdorf-Wynigen Fault Zone (BWFZ)
East of Burgdorf, the BWFZ, a remarkable NNE-SSW striking fault zone is inferred from seismic interpretation (Figure 4 ). The structure can be followed over a distance of up to 20 km and is visible on multiple seismic sections (Figures 4 and  5 ). In the seismic section in Figure 5 , subhorizontal, intermediate to high-amplitude reflectors iñ 1-2 km depth delineate the Mesozoic sediments. The Molasse units are characterized by a less continuous and more chaotic seismic facies on top of several highamplitude reflectors of the upper Upper Jurassic unit. At~2 km depth, an angular discordance between subhorizontal reflectors of Triassic sediments and east dipping reflector packages can be observed. We interpret these strong seismic reflectors as Permo-Carboniferous prerift sediments overlying the crystalline basement, which is characterized by a transparent to chaotic seismic facies. The reflectors are clearly offset by normal faults, describing añ 10 km wide and supposedly up (Figures 5a and 5b ). They could be traced over multiple seismic lines (Figure 5c ), thus corroborating their existence. It is the accumulation of these spaced faults (~150-500 m), which forms in their entirety the BWFZ. Mesozoic sediments are not clearly offset by the faults; they seem to form a mild anticline across the fault zone. The faults clearly cut through Triassic evaporite bearing strata and are linked to the Permo-Carboniferous synsedimentary normal faults (Figures 5a and 5b ). An enlargement of the seismic line 78BN22 ( Figure 5 ) is given in Figure S4 in the supporting information.
Ill-Defined Transition Zone
The transition zone between the northern and the southern part of the study area is characterized by a large absence of structural features (Figure 4 ). In the center, normal faults have been interpreted. The transition zone coincides well with an area of low data quality and data density (Figure 3c ), resulting in a low reliability in seismic interpretation. Therefore, the lack of interpreted structures does not necessarily imply that the area is actually poorly structured; it rather reflects the absent of data.
Aaretal Fault Zone (AFZ)
The signal-to-noise ratio of the 2-D reflection seismic data across the deep Quaternary valleys of the Aare and Gürbe River northeast of Thun (Figures 1 and 4) is generally bad. The massive Quaternary cover absorbed the seismic signal inhibiting a consistent seismic interpretation. Based on the observation that the structures of the Subalpine Molasse change abruptly across the Aare valley, a major strike-slip fault zone running parallel to the valley axes has been proposed [Vollmayr, 1992; Pfiffner, 2011] . The few interpretable seismic lines reveal that the AFZ is possibly more than 5 km wide. It involves the Mesozoic strata and roots in the pre-Mesozoic basement. In the center of the fault zone, east of Thun, seismic lines reveal a basin structure associated with several SW-NE striking normal faults (Figure 4 ).
Subalpine Zone
A major fraction of the subalpine zone spatially coincides with the Subalpine Molasse (Figures 1 and 4) . The latter is characterized by north vergent thrusts emerging from a detachment horizon within the USM (Figures 6 and 7) . To the north, a back thrust evolved, forming a characteristic triangle zone (Figures 6 and 7 ), which was also described by Vollmayr [1992] . Similar structures are known from the Subalpine Molasse of central and eastern Switzerland [e.g., Stäuble and Pfiffner, 1991; Sommaruga et al., 2012] . In the pre-Cenozoic units beneath the Subalpine Molasse east of Thun, the structures are dominated by SW-NE striking thrusts with top NW shearing (Figure 4) . Emerging from the basement, the thrusts are controlled by multiple detachments within the Mesozoic strata ( Figure 2 ) and show alternating vergences and shear senses (top NW versus top SE movement; Figures 6 and 7) . This is characteristic for fishtail structures [Harrison and Bally, 1988] and has also been observed in the northeastern SMB [Malz et al., 2016] . The individual thrusts seem to die out in the USM. However, the overlying Molasse sediments are mildly folded, which also affected the thrusts of the Subalpine Molasse (Figures 6 and 7) . Normal faults, restricted to the basement, are striking subparallel to the thrusts (Figure 4) . On several lines, reflectors within the basement suggest possible occurrence of PermoCarboniferous sediments (Figure 4) . However, the data quality is not sufficient to fully confirm this assumption.
Clear evidence for the existence of an inverted PCT yields the Rotache PCT, which has been interpreted north of Thun (Figure 6 ). The seismic section shows a zone of strong reflectors of the Mesozoic strata, dipping to the SSE with an anticlinal structure located at the southern end of the section. Below, a structure characterized by downwarping reflectors, interpreted as prerift PCT sediments, is observable. From a tectonic point of view, we interpret this scenario as a mildly inverted PCT below a multidetachment-controlled fishtail structure in the Mesozoic sediments. Since the deeper parts of the trough are of bad seismic resolution, its exact architecture remains questionable. Nevertheless, the seismic image clearly reveals a protrusion of Permo-Carboniferous sediments. The southward continuation of the fishtail structure and the link to the Rotache PCT is unclear. At kilometer~5.5 of the section, a normal fault downthrows the southern part of the Mesozoic sequences and possibly roots in the pre-Mesozoic basement ( Figure 6 ). Enlargements of the seismic lines BEAGBE.S70B017 ( Figure 6 ) and BEAGBE.S850004 (Figure 7 ) are given in Figures S5 and S6 in the supporting information.
Shortening Within the Central Swiss Molasse Basin
In order to provide estimates on the shortening within the Mesozoic units across the central SMB, we constructed two cross sections (Figure 8 ) from the geological 3-D model. The sections are oriented NNW-SSE (Figure 1) , hence parallel to the mean direction of late Miocene to present-day maximum horizontal stress Tectonics 10.1002/2017TC004584 [Bergerat, 1987; Homberg et al., 2002; Reinecker et al., 2010; Heidbach and Reinecker, 2013] . We performed simple line-length balancing with three marker horizons: (1) Base Mesozoic, (2) Top Middle Jurassic, and (3) Base Cenozoic. Shortening estimates for a western (Figure 8a ) and an eastern section (Figure 8b ) are shown in Figure 8c . Per section, values are given for the whole section and for the southern part only. The western section (Figure 8a ) yields a mean total shortening of~0.52 km (0.9%) of which~0.34 km occurred in the southern part. Most shortening in the southern part was recorded by the Base Mesozoic marker horizon. Mean total shortening in the eastern section (Figure 8b ) is~0.45 km (0.8%) of which~0.3 km occurred in the southern part. With such small amounts of horizontal shortening, uncertainties are expected to be relatively large. In summary, no clear E-W difference is visible. Horizontal, thin-skinnedrelated and thick-skinned-related shortening across the central SMB is minor and does not exceed 1 km. Since thin-skinned shortening within the adjacent Jura fold-and-thrust belt in the north, which is here not accounted for, is in the range of several kilometers [Affolter and Gratier, 2004] , the SMB must have been transported passively on top of an intra-Triassic basal detachment zone. Figure 9 . Distribution of earthquakes and focal mechanisms for the years 1984-2017. Focal depths are shown for all events with a focal depth uncertainty of less than or equal to 3 km. Earthquake events with a focal depth uncertainty of more than 3 km are given as white filled circles. Focal depth uncertainties have been assessed following the procedure given in the annual reports of the Swiss Seismological Service [e.g., Deichmann et al., 2000; . Active fault planes are marked in bold. Alignment of seismicity is observed along the Fribourg Fault Zone (FFZ) and the Solothurn Fault Zone (SFZ). Focal depths and focal mechanisms indicate strike-slip tectonics along these fault zones and basement-involved tectonics beneath the SFZ. The present-day maximum horizontal stress (S Hmax = 150°) Heidbach and Reinecker, 2013] corroborates this observation. Recent studies, including analysis of microseismicity, have shown that for the FFZ, the vast majority of earthquakes were situated in the sedimentary cover [Deichmann et al., 2000; Kastrup et al., 2007; Vouillamoz et al., 2016 Vouillamoz et al., , 2017 . Surface structures of the Fribourg Fault Zone (FFZ) are based on Ibele [2011] . All other surface structures have been compiled from the Tectonic Map of Switzerland 1:500 0 000 [Spicher, 1980] , the Geological Atlas of Switzerland 1:25 0 000 and from this study. Focal mechanisms have been compiled from Kastrup et al. [2004] , Deichmann [2014] , and Diehl et al. [ , 2015 . AFZ, Aaretal Fault Zone; BWFZ, Burgdorf-Wynigen Fault Zone; M, magnitude; and S Hmin , minimum horizontal stress. 
Present-Day Earthquake Distribution and Focal Mechanisms
Seismicity has been recorded instrumentally and made available by the Swiss Seismological Service since 1975. Digitally archived and processed data is available since 1984 [Fäh et al., 2011] . The distribution of earthquakes for the time period of 1984-2017 (Figure 9) shows alignments with major fault zones, such as the Fribourg Fault Zone (FFZ) and the SFZ. The filled circles show hypocenters with a focal depth uncertainty of less than or equal to 3 km, indicating seismic activity both in the sedimentary cover as well as in the basement. Details on the estimation of hypocenter location uncertainty are given in the annual reports of the Swiss Seismological Service [e.g., Deichmann et al., 2000; . Focal mechanisms of the study area (Table S3 in the supporting information) reveal a present-day strike-slip-dominated stress regime with possible subvertical fault planes striking N-S, NNE-SSW and W-E, and WNW-ESE, respectively (Figure 9) [from Kastrup et al., 2004; Deichmann, 2014; Diehl et al., , 2015 . The inferred regional maximum compressive stress is striking NNW-SSE, which is in agreement with published present-day maximum horizontal stress orientations for the Molasse Basin Heidbach and Reinecker, 2013] .
Along the FFZ, more than 80 seismic events with magnitudes up to 4.2 have been recorded by the Swiss Seismological Service since 1984 (Figure 9 ). More than 30 events have a focal depth uncertainty of less than or equal to 3 km. They reach depths of up to 15 km. In the northern part of the FFZ, the top of the crystalline basement is at~3 km depth, while in the southern part it reaches depths of~4.5 km [Sommaruga et al., 2012] . Together with fault plane solutions calculated along the FFZ (Figure 9 ), there seems to be evidence for present-day thick-skinned deformation along the left-lateral strike-slip FFZ. However, more sophisticated attempts on constraining focal depths have shown that a vast majority of the earthquakes related to the FFZ must be actually situated within the Cenozoic and Mesozoic sedimentary cover [Deichmann et al., 2000; Kastrup et al., 2007] . This is further corroborated by new microseismic (i.e., low-magnitude) investigations in the Fribourg area, which show clustering of earthquakes at depth shallower than 4 km [Vouillamoz et al., 2016 [Vouillamoz et al., , 2017 .
Seismicity in the area of Solothurn correlates well with the NNE-SSW striking SFZ (Figure 9 ). More than 20 seismic events with a focal depth uncertainty of less than or equal to 3 km and magnitudes of up to 3.4 are in close proximity to the SFZ. They range between 3 and 13 km in depth. Thus, they are situated within the sedimentary cover and within the basement. Earthquake hypocenters, projected onto the geological profile (Figure 8b) , show an alignment of shallow to deep-seated seismicity with the SFZ. Northeast of Solothurn, a cluster of 24 earthquakes with magnitudes up to 4.1 and focal depths of~24 km have been recorded (Figure 9 ). They are aligned in a NNE-SSW striking pattern and show strike-slip focal mechanisms. Although they are situated in much greater depths, they excellently fit to the SFZ, both geometrically and kinematically.
In the area of the AFZ and the BWFZ no significant seismicity was recorded since 1984. However, since seismicity is instrumentally recorded only for the last 40 years, we have only a very short time window available, which may not account for earthquakes of the given setting, where recurrence times may be very large [Meyer et al., 1994] .
Discussion
Structural Configuration of the Central Swiss Molasse Basin
Integration of seismic interpretation, structural analysis as well as present-day earthquake distribution and focal mechanism analysis reveal a present-day strike-slip dominated, incipient thick-skinned tectonic setting of the central SMB. Seismic interpretation shows that PCTs have been mildly inverted ( Figure 6 ). Inversion of PCTs has also been described for the Hermrigen-Structure [Pfiffner et al., 1997] , the Geneva Basin of the western SMB [Gorin et al., 1993; Signer and Gorin, 1995] , and the Jura Mountains [Guellec et al., 1990; Philippe et al., 1996; Lacombe and Mouthereau, 2002; Ustaszewski and Schmid, 2007; Madritsch et al., 2008] . In the case of the Hermrigen structure, the interpretation by Pfiffner et al. [1997] is rather uncertain and is questioned by other authors [Sommaruga et al., 2012] . In contrast to evolved basin inversion as described for the External Crystalline Massifs [e.g., Butler et al., 2006; Bellahsen et al., 2012; Boutoux et al., 2014] or the Helvetic sediments [Burkhard, 1988; Pfiffner, 1993; Herwegh and Pfiffner, 2005] , inversion of PCTs in the Alpine foreland corresponds to an incipient stage of basin inversion, as showed by comparison with results of thermomechanical modeling experiments on basin inversion [Lafosse et al., 2016] . PCTs striking WSW-ENE like the possible Hermrigen trough [Pfiffner et al., 1997] and the Rotache trough ( Figure 6 ) are in a favorable position for basin inversion under the late Miocene to present-day NNW-SSE compressional stress regime [Bergerat, 1987; Homberg et al., 2002; Reinecker et al., 2010; Heidbach and Reinecker, 2013] .
Similarly, PCTs that are striking NNE-SSW, likely become inverted in a transpressional manner. For example, synsedimentary normal faults bounding the Late Paleozoic Burgdorf-Wynigen trough have been reactivated as left-lateral strike-slip faults ( Figure 5 ). The very mild antiform across the BWFZ may describe a weakly pronounced positive flower structure ( Figure 5 ). The BWFZ emerges from the crystalline basement and cuts through the entire Mesozoic and Molasse units. No recent seismicity associated with the BWFZ has been recorded, at least within the period of digitally seismic recording (Figure 9 ). However, since the faults cut through the OMM (Figure 5 ), fault zone activity must be younger than~17 Ma. From seismic interpretation, it is further evident that the faults of the BWFZ cut the Triassic evaporites ( Figure 5 ). We can therefore conclude that the BWFZ is younger than~4 Ma, since it postdates the main thin-skinned deformation phase of the Jura fold-and-thrust belt [Becker, 2000] (Figure 7) . With the St. Gallen Fault Zone, a very similar structure has recently been described for the eastern SMB [Heuberger et al., 2016] . In contrast to the St. Gallen Fault Zone, the BWFZ does not show any structures related to Mesozoic reactivation. Since the BWFZ is situated in the wedge-top part of the SMB, the absence of such structures might well be the result of their NW transport and detachment from the basement during the Jura fold-and-thrust belt related thin-skinned tectonics.
Deflection of anticlines, focal mechanisms, and the present-day NNW-SSE oriented stress field suggest a leftlateral sense of shear for the SFZ. The orientation and the continuation of the SFZ indicate a possible link to the Rhenish Lineament, which is a clearly visible structure on the digital elevation model and the tectonic map ( Figure 10 ). This SSW-NNE striking major fault zone represents the southern continuation of the eastern border fault of the Upper Rhine Graben and extends from the Southern Black Forest across the Jura fold-andthrust belt into the northern SMB [Allenbach and Wetzel, 2006; Laubscher, 2008a] . It presumably follows an inherited Paleozoic structure and has been repeatedly reactivated in Mesozoic times and during rifting of the Rhine Graben in the Oligocene [Allenbach and Wetzel, 2006] . During the late Miocene main deformation phase in the Jura fold-and-thrust belt [Becker, 2000] , inherited structures related to the Rhenish Lineament have been reactivated in a left-lateral strike-slip manner, while at the same time they were transported 10-12 km to the NNW [Laubscher, 2008a [Laubscher, , 2008b . Seismicity shows present-day activity of the SFZ-Rhenish Lineament system (Figure 9 ). Moreover, focal depths of more than 20 km indicate basement involvement along this major strike-slip fault zone (Figures 8 and 9 ). The noticeable east stepping of earthquake focal depths across the SFZ (Figure 9 ) possibly reflects the reactivation of the old, basement-seated part of the Rhenish Lineament and the translation of deformation via a horizontal ramp, possibly within the Triassic evaporites, into the cover sediments.
Although a few basement-seated earthquakes are recorded in the Fribourg area, the vast majority of earthquakes along the FFZ is located at shallow depths within the Cenozoic and Mesozoic sedimentary cover [Deichmann et al., 2000; Kastrup et al., 2007; Vouillamoz et al., 2016 Vouillamoz et al., , 2017 . However, since the FFZ seems to spatially coincide with an underlying pre-Mesozoic structure [Meier, 2010; Abednego, 2015; Sommaruga et al., 2016] , structural inheritance, and kinematic soft-links cannot be excluded.
The nature of the AFZ is only weakly constrained. Its orientation would favor a left-lateral strike-slip activity under the late Miocene to present-day NNW-SSE stress field. Abrupt lateral changes in the tectonic architecture of the Subalpine Molasse across the fault zone ( Figure 10 ) and seismic interpretation, however, rather suggest a right-lateral mode of faulting. The orientation of the normal faults associated with the basin structure in the southern part of the AFZ (Figure 4) indicates a negative flower structure associated with rightlateral sense of shear [e.g., Twiss and Moores, 2007] , as already suggested by Vollmayr [1992] . The northward displacement of the Subalpine Molasse east of the AFZ (Figure 1 ) corroborates this assumption and suggests that fault activity was coeval to or postdating thrusting in the Subalpine Molasse. Vollmayr [1992] concluded that the AFZ was active in the middle to late Oligocene and was reactivated in late to post-Miocene times. The southeastern continuation of the AFZ, running along the axis of Lake Thun, marks the lateral termination of the Helvetic nappes [Pfiffner, 2011] . Its northern continuation remains speculative. Lineaments and valley incisions observed on the digital elevation model suggest a continuation of the AFZ running~5 km east of Bern (Figure 10 , stippled line), maybe even merging into the BWFZ. In the Late Paleozoic, WSW-ENE to NNE-SSW striking synsedimentary basins formed under extensional and transtensional to transpressional wrench tectonics (Figure 11 ) [Diebold et al., 1991; McCann et al., 2006] . In these basins, prerift and synrift to postrift Permo-Carboniferous sediments have been deposited (Figures 5, 6 , and 11). The Mesozoic was mainly characterized by a tectonically weak period [Funk et al., 1987; Wildi et al., 1989; Thury et al., 1994] , interrupted by episodes of extensional tectonics, reactivating Paleozoic structures [Allenbach, 2002; Wetzel et al., 2003] . Across the SMB, for example, in the Fribourg area [Ibele, 2011] and in the eastern SMB [Heuberger et al., 2016] 0 000 [Spicher, 1980] , the Geological Atlas of Switzerland 1:25 0 000, and from this study. The hillshade is derived from the digital elevation model swissALTI3D by the Federal Office of Topography (swisstopo). AFZ, Aaretal Fault Zone; BWFZ, Burgdorf-Wynigen Fault Zone; and SFZ, Solothurn Fault Zone.
Tectonics
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the erosion products of the Alps were deposited as Molasse sediments in a foreland basin created by slab rollback and flexural bending of the European lithosphere [Schlunegger and Kissling, 2015] . These processes induced normal faults, which cut the Mesozoic units and root in the crystalline basement, as documented in the eastern SMB [Stäuble and Pfiffner, 1991; Diebold and Noack, 1997; Pfiffner et al., 1997; Sommaruga et al., 2012; Egli et al., 2016] , where the Triassic evaporites and hence the basal detachment running within these evaporites are missing. Evaporite-cored detachment folds, abrupt thickness changes of evaporitic layers, and thrust faults rooting in the Triassic evaporites are evidence of subsequent thin-skinned detachment tectonics related to Alpine shortening resulting in the formation of the Jura fold-and-thrust belt (Figures 7 and 11 ). During this period (~12-4 Ma) [Becker, 2000] , the Plateau Molasse must have been riding piggy back, as detachments between Plateau Molasse and Mesozoic sediments are missing and the latter must have acted as mechanically stiff layer given the mild deformation style with total horizontal shortening not exceeding 1 km (Figure 8c ). At~4 Ma, the tectonics of the SMB and the adjacent Jura fold-and-thrust belt shifted from a predominantly thin-skinned to an incipient thick-skinned style (Figure 11 ) [e.g., Madritsch et al., 2008] . This is also evidenced [Lippitsch et al., 2003] . (a) Beneath the Western Alps, detachment of the European mantle results in a rapid decrease in slab pull forces, while at the same time uplift forces due to the positive buoyant crustal root remain high. This induces Pliocene high exhumation and erosion rates in the hinterland [Baran et al., 2014; Fox et al., 2015] , enhanced slab rollback, and crustal delamination, eventually leading to tectonic stress transfer into the Alpine foreland. (b) Beneath the eastern Central Alps, the European slab is still attached and is dipping subvertically into the asthenosphere resulting in a decrease of slab rollback. Although slab pull and positive buoyant forces counteract, which leads to mantle delamination, the insignificant slab rollback and the stabilizing high slab pull forces inhibit major stress transfer into the Alpine foreland. (c) Overview map of the European Alps [after Pfiffner, 2016] . SMB, Swiss Molasse Basin; and FTB, fold-and-thrust belt. (Figure 6 ) and the adjacent Jura Mountains [e.g., Mosar, 1999; Lacombe and Bellahsen, 2016] . To do so, a common midcrustal detachment in the basement, as already proposed by others [e.g., Pfiffner et al., 1997; Mosar, 1999; Ziegler et al., 2001; Lacombe and Mouthereau, 2002; Lacombe and Bellahsen, 2016] is required. The thick-skinned strike-slip tectonic regime in the SMB persists until today as evidenced by earthquake data (Figures 9 and 10) showing (a) deformation in the basement and (b) NNW-SSE compression and WSW-ENE extension.
Geodynamic Context
Teleseismic tomography reveals postcollisional detachment of the European slab beneath the Western Alps, while beneath the Central Alps, the slab is still attached (Figure 12 ) [Lippitsch et al., 2003; Kissling et al., 2006] . This sudden release of slab-pull forces following slab detachment, while at the same time positive buoyant forces exerted from the crustal root remained, resulted in a transfer of horizontal stresses into the foreland [Singer et al., 2014] . With the establishment of slab rollback, the site of delamination migrated north and into shallower crustal levels ( Figure 12 ) Schlunegger and Kissling, 2015; Herwegh et al., 2017] . The present-day incipient thick-skinned, strike-slip-dominated tectonics in the central SMB may be the result of tectonic stress transfer from the European slab into the Alpine foreland, induced by slab rollback and crustal delamination, as suggested by Singer et al. [2014] . The decrease in strike-slip tectonics from the western to the eastern SMB may reflect eastward propagating tearing off and detachment of the European slab (Figure 12 ), the latter presumably resulting in Pliocene elevated exhumation and erosion rates in the Western and western Central Alps [Baran et al., 2014; Fox et al., 2015] . Our observations possibly represent ongoing Pliocene to present-day north and upward migration of crustal delamination into the Alpine foreland and to the upper-lower crust transition zone. This model is also in agreement with observations of thrusting in the Geneva Basin (i.e., Mont Salève), the Chaînes subalpines in the French Alps and at the Jura-Molasse transition, interpreted as out-of-sequence basement imbricates restoring orogenic wedge stability [Mosar, 1999] . The model may also account for ongoing shortening observed within the Jura foldand-thrust belt [Madritsch et al., 2010] long after the presumed cessation of main thin-skinned tectonics [Becker, 2000] .
Mantle delamination may also have driven accelerated uplift of the SMB resulting in the recorded large-scale Pliocene erosion [Cederbom et al., 2011; Schlunegger and Mosar, 2011; von Hagke et al., 2012] . Recycling of Molasse sediments and load reduction possibly triggered the observed out-of-sequence thrusting in the Subalpine Molasse and may have activated incipient basement thrusts as a response to maintain criticality of the orogenic wedge [Schlunegger and Mosar, 2011; von Hagke et al., 2012] .
Conclusions
In the central SMB, late Miocene thin-skinned tectonics, related to the formation of the Jura fold-and-thrust belt, resulted in low-amplitude detachment folding and thrust/reverse faulting. The Mesozoic units were decoupled via a laterally varying detachment zone within Triassic evaporites. At~4 Ma, main deformation in the Jura fold-and-thrust belt ceased and an incipient thick-skinned tectonic regime established in the central SMB and the adjacent Jura Mountains. This is evidenced by major NNE-SSW trending strike-slip fault zones and incipient basement thrusts, which cut the intra-Triassic detachment horizon and extend into the crystalline basement. Coevally, inherited Paleozoic structures have been reactivated and mild inversion of PCTs occurred. The incipient thick-skinned tectonic regime persists until today as revealed by present-day earthquake data. We propose a tectonic model which links lithospheric slab detachment and rollback under the Western and Central Alps, inducing crustal delamination and stress transfer into the foreland via a midcrustal detachment to incipient thick-skinned, strike-slip-dominated tectonics in the SMB.
